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Aspergillus flavus produces the carcinogen aflatoxin, which can contaminate a number of food crops, including corn, peanuts, cottonseed, and tree nuts (16, 17, 19) . To study the infection process and aflatoxin biosynthesis, we developed gene reporter constructs. One construct, a fusion of the promoter of the A. flavus ␤-tubulin gene to the Escherichia coli uidA reporter gene that encodes ␤-glucuronidase (GUS) (24) , has been used to visualize growth of the fungus in corn tissue (2) . A second construct, in which the promoter of the aflatoxin pathway gene ver-1 is fused to uidA, has been used to monitor gene expression and aflatoxin biosynthesis in A. flavus (8, 11) . Despite the utility of the GUS reporter gene constructs, they have limitations. Visualization of fungal growth within tissue requires incubation of the sample with the GUS substrate, X-GLUC (5-bromo-4-chloro-3-indolyl-␤-D-glucuronide), a procedure that is time consuming and prevents following real-time colonization of tissue.
To overcome some of the limitations of the GUS reporter systems, we examined the feasibility of using the Aequorea victoria green fluorescent protein (GFP) as a tag to follow the growth of A. flavus. GFP has several advantages as an in vivo reporter for monitoring dynamic processes in cells or organisms, as its fluorescence can be measured directly without additional proteins, substrates, or cofactors (4, 7, 10, 12, 20) . GFP expression has been widely reported in yeast (1, 14, 18, 22) but in only a few filamentous fungi (6, 13, 21) . The objective of this study was to determine if a red-shifted variant, which is 35 times brighter than wild-type GFP (5), could be expressed sufficiently in A. flavus to monitor growth and colonization by the fungus.
A. flavus 86-10 (FGSC A1009) (w arg-7 pyrG afl ϩ ), a pyrG mutant of strain 86 (NRRL 60041) (8) , was cultured on potato dextrose agar supplemented with 10 mM uracil. This strain was cotransformed as previously described (23) with plasmid B9X2 (15) and either pNucЈEm2 or pGAP33. Cotransformants were selected for uracil prototrophy conferred by plasmid B9X2, and GFP-containing transformants were identified by their green fluorescence under long-wave (365 nm) irradiation.
Plasmid pNucЈEm2 was constructed from pNucЈEM and contains the coding region of the simian virus 40 large T-antigen nuclear localization signal (NLS) and the mammaliancodon-optimized, better folding, red-shifted GFP from plasmid pEGFP-N1 (Clontech Laboratories, Inc., Palo Alto, Calif.). The sequences of the NLS oligonucleotides were 5Ј-CCG GAC TCA GAT CTG ATC ACC GCC ATG GGC CCC AAG AAG AAG AGA AAG GTG TCG ACG GTA CCG CGG G-3Ј and 5Ј-CCC GCG GTA CCG TCG ACA CCT TTC TCT TCT TCT TGG GGC CCA TGG CGG TGA TCA GAT CTG AGT CCG G-3Ј. Included in the oligonucleotides was an optimized translational start site for mammalian expression. The oligonucleotides were hybridized, and the duplex NLS oligonucleotide was cloned into the BglII-SalI site of the vector, pEGFP-N1, which is immediately upstream from the open reading frame (ORF) of the gfp gene. This plasmid, which contains the NLS-GFP coding region, was named pNucЈEM, for nuclear expression marker. The BglII-NotI fragment from pNucЈEM, which includes some 5Ј untranslated region and the NLS-GFP coding region, was cloned into the BamHI-NotI site of a mammalian expression vector, pcDNA3 (Invitrogen, Carlsbad, Calif.), under the direction of a human cytomegalovirus promoter, cmv, from this plasmid. This new plasmid, which contains the ampicillin resistance gene, was named pNucЈEm2. Plasmid pGAP33 was constructed by subcloning an 864-bp BglII fragment into the BglII-BamHI site of pNucЈEm2, which is immediately upstream from the ORF of gfp gene and does not contain the NLS site. This 864-bp BglII fragment contains the 381-bp untranslated region and 483 bp of the ORF of the aflatoxin biosynthetic regulatory gene, aflR (9) . A. flavus was cotransformed with plasmid B9X2 and either pNucЈEm2 or pGAP33. Between 20 and 66% of the resulting transformants fluoresced green under long-wave UV light. Strain 86-10 had negligible autofluorescence at this wavelength ( Fig. 1E and F) . One transformant containing pNucЈEm2 (GAP32-8) and one transformant containing pGAP33 (GAP33-1) were chosen for further studies. Figures 1A and C show the fluorescence of the upper culture surfaces of GAP32-2 and GAP33-1, respectively, irradiated with UV light. Fluorescence of both sporulating cultures could be detected readily, but the fluorescence of the upper surface of GAP32-8 was more intense than that of GAP33-1. In contrast, fluorescence was observed on the underside of transformant GAP33-1 (Fig. 1D) and not on the underside of GAP32-8 (Fig. 1B) . A closer examination of the cultures with a Nikon Optiphot compound microscope using GFP filters providing excitation at 395 nm and emission at 509 nm showed that the bright green fluorescence of the two transformants was most intense in conidia ( Fig. 1G and H) . Fluorescence could be detected in cultures as young as 3 days old and persisted for more than 12 weeks in cultures maintained at room temperature. Strong expression of GFP in A. flavus transformants harboring pNucЈEm2 is likely due to the modifications made in gfp. It is not clear why fluorescence can be observed on the underside of GAP33-1 cultures. The two constructs differ in that pGAP33 lacks the NLS present in pNucЈEM2, and pGAP33 is a protein fusion with aflR.
GUS reporter constructs are valuable tools for studying the resistance of corn kernels to colonization by A. flavus (2) . To determine if GFP also can be used as a reporter to follow colonization by A. flavus, intact corn kernels of five genotypes were inoculated with GAP32-8 or GAP33-1. Kernels were surface disinfected in 75% ethanol for 5 to 10 min and rinsed three times in sterile water and the kernel endosperm was punctured once to a depth of 0.5 to 1.0 mm with a 20-gauge syringe needle. Two microliters of a conidial suspension (4 ϫ 10 7 conidia/ml) of strain 86-10, GAP32-8, or GAP33-1 was inoculated into the wound. One kernel was placed in each well of a 24-well tissue culture plate on top of 1 ml of 1% water agar. Kernels were incubated at 28°C for 5 days and cut in half, and one half was examined under UV light in a cabinet designed to view thin-layer chromatography plates (ChromatoVue Model CC-20, San Gabriel, Calif.). The assay was conducted twice with six replicate plates for each assay. Figure 1I shows the green fluorescence of the cut surface of the corn kernels resulting from the growth of A. flavus. As can be observed in the figure, the area of fluorescence differed among the genotypes, with the more susceptible genotypes (B73, NC232, and 33-16) displaying more fluorescence over the cut surface of the kernels than CI2 and Tex6, the resistant inbreds. Noninoculated kernels and kernels inoculated with 86-10 showed no green fluorescence. Of the five genotypes tested, the genotypes reported to be more susceptible to A. flavus (2, 3) displayed more fluorescence than those reported to be resistant.
Results from these studies demonstrate that the modified GFP encoded by pNucЈEm2 and pGAP33 is highly expressed in A. flavus. The intensity of fluorescence is sufficient to allow the visualization of a GFP-containing strain under a standard laboratory UV light. No special filters or equipment are needed to detect a GFP-expressing strain in culture or to monitor the colonization of corn seeds with the strain. The use of these constructs in strains of A. flavus could facilitate the detection of the fungus in substrates such as soils or foods. GFP expression in the corn kernels shows that these GFPcontaining transformants should be useful in screening corn genotypes for resistance to aflatoxin accumulation and making screening faster and more economical. Support for this work was provided by USDA/NRI grant 9601295 and USDA-SCA grant 58-6435-075.
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